We propose a compact polarization beam splitter (PBS) based on a silicon nitride enhanced silicon-on-insulator platform using an augmented low-index guiding (ALIG) waveguide structure. In the ALIG structure, the TM mode is mostly confined in the low-index silicon nitride, while the TE mode is confined in the high-index silicon. Since the two modes are confined in two separate layers, their properties can be controlled independently. The PBS is formed using an asymmetric multimode interference (MMI) section. The TM mode is directed to an output port by the ALIG waveguide, while the TE mode is coupled to the other output port via the multimode interferometer. Such a PBS has a very small footprint, low insertion loss, high polarization extinction ratio, and broadband response.
In recent years, photonic integrated circuits have attracted much interest [1] . One of the most promising platforms is based on high refractive index contrast waveguides; however, this highindex contrast also introduces a large polarization sensitivity. This may cause significant problems when light is coupled to a chip from an optical fibers since the polarization state of the light in such fibers can vary randomly. Consequently, there is a need for compact and broadband polarization control elements to manipulate and track the polarization state of the optical signal on the chip. One approach is to use a polarization diversity scheme consisting of polarization beam splitters and polarization rotators [2] . The polarization beam splitter (PBS) can separate the transverse electric (TE) and transverse magnetic (TM) polarizations into different waveguides. Many different types of onchip PBSs have been proposed based on different mechanisms. A Mach-Zehnder interferometer PBS requires very long arms to achieve a relative π phase shift between the TE and TM modes [3] . Mode evolution-based PBS also requires a very long device length to accomplish mode coupling and mode evolution [4] . While directional coupler-based PBSs have the advantage of small footprints and high extinction ratios (ER), they are sensitive to wavelength changes and have low fabrication tolerances [5] [6] [7] [8] [9] . Some PBSs take advantage of plasmonics via using silver pillars or nano ribbons, but they suffer from additional insertion losses due to the metal absorption and require high aspect ratio fabrication techniques [10, 11] . Multimode interference (MMI) based PBS is another popular option which offers the benefit of low insertion loss and broadband response [12] [13] [14] [15] . The existence of different beat lengths for the TE and TM modes is usually used in the design of MMI-based PBS; however, because the polarization dependence of the beat length is low, to effectively separate the TE and TM modes, an MMI section that is tens of microns long is needed [12] [13] [14] . Last, a very short PBS based on the hybrid plasmonic waveguides was proposed in [15] , but the structure is difficult to fabricate, and the quality of the deposited metal can degrade the performance of the device.
In this Letter, we propose an ultra-compact PBS based on a new structure, the augmented low-index guiding (ALIG) waveguide [16, 17] . Such a waveguide is based on a silicon nitride enhanced silicon-on-insulator platform. It consists of a low-index substrate (silica), a low-index cladding layer (air or silica), and a two-layer core. The core is made up of two dielectric materials with a high-index contrast (silicon and silicon nitride), as shown in Fig. 1 . In this structure, the TE mode is guided in the highindex silicon waveguide whereas, by controlling the waveguide dimensions, the TM mode can be confined in the lower index silicon nitride layer.
For the structure in Fig. 1 , with a silicon thickness equal to 220 nm, light is guided by the silicon layer using the total internal reflection as in the case of a conventional silicon waveguide. However, if the silicon layer is thin enough (for example, t 1 120 nm), the TM mode leaks to the substrate with an air cladding, or is very loosely guided in the case of silica cladding and, thus, the two layers (silicon and silicon nitride) work together as the waveguide core. Typical field intensity profiles for the TM and TE modes at 1.55 μm in the ALIG waveguide with silica cladding are simulated using Lumerical MODE Solutions and are shown in Figs. 2(a) and 2(b) . The waveguide dimensions are t 1 120 nm, t 2 350 nm, and W 600 nm. For the TM mode, the normal component of the electric field shows a discontinuity at the Si 3 N 4 ∕Si interface; thus, the field amplitude is much higher in the lower index region and electric field amplitude in the silicon nitride layer is dramatically increased. Since the dominant electric field for the TE mode is tangential to the Si 3 N 4 ∕Si interface, there is no discontinuity in the electric field, and the TE mode is well guided by the thin silicon layer.
From Fig. 2(b) , it is clear that most of the power for the TE mode resides in the silicon layer as a conventional waveguide. However, for the TM mode, with proper choice of waveguide dimensions, most of the power can reside in the silicon nitride layer, as shown in Fig. 2 (a). Figure 3 shows a more detailed analysis of the power distribution in different layers for the TM mode of the ALIG waveguide for different silicon nitride thicknesses. The silicon thickness (t 1 ) is optimized to 120 nm, and the waveguide width (W ) is optimized to 600 nm. For these dimensions, the waveguide is single mode. As the figure indicates, for properly chosen silicon nitride thickness (for example, t 2 350 nm), the power inside the nitride layer can exceed 60%, while the power inside the silicon layer is approximately 9%.
As stated earlier, in the ALIG waveguide the TE and TM modes reside in two different layers. Consequently, this platform can be used for on-chip polarization control. Moreover, unlike the hybrid plasmonic platform, the ALIG waveguides are purely dielectric and, hence, have lower propagation losses. In the following, we propose a PBS based on the ALIG waveguide using a MMI structure. Here, considering the packaging requirements of integrated photonics circuits, a silica cladding is chosen. The input and output waveguides for the TM branch have the same structure, which is shown in Fig. 4(b) . For these input and output waveguides, the thicknesses of silicon and silicon nitride layers are t 1 and t 2 , respectively, and the waveguide width is W 1 . The cross section of the asymmetric MMI section is shown in Fig. 4(c) . In the MMI section, the width of the silicon layer changes from W 1 to W MMI , while all other dimensions remain the same. Finally, as shown in Fig. 4(d) , a silicon waveguide with the width W 2 and bend radius R is used to guide the TE mode out of the MMI section.
The thickness of the silicon t 1 120 nm and the thickness of the silicon nitride t 2 350 nm are optimized for the ALIG structure. To keep the overall dimensions of the device small, the width of the input waveguide (W 1 ) is set to 400 nm. At this stage of the design, we need to optimize the width of the MMI section (W MMI ). Since the mode distributions for the TE and TM modes in the ALIG waveguide are different, the changing of the width of the silicon layer has little impact on the TM mode, while it affects the TE mode dramatically. Figure 5 shows the calculated effective indices of the eigenmodes in the MMI section. The effective indices for the TM modes are almost constant for all the widths, while the effective indices of the TE modes increase quickly with increasing W MMI . For 
silicon is wide enough to support at least two TE modes, the mirror image in the MMI section for the TE modes can be formed. It should be noted that, for some values of the W MMI (grey regions in Fig. 5 ), the effective indices of two modes (fundamental TM and higher-order TE) approach each other; thus, the polarization state of these eigenmodes cannot be distinguished. This is due to mode hybridization, and light propagating in a waveguide with such dimensions will encounter mode conversion similar to the mode conversions in silicon ridge waveguides as discussed in [18] . These dimensions should be avoided in the design.
To maintain the device compactness, we choose W MMI 1 μm. The device with this width supports two TE modes (TE 0 and TE 1 ) and only one TM mode (TM 0 ); it allows us to separate and direct the two polarizations to two different output waveguides. The calculated electric field profiles of the MMI section with W MMI 1 μm are shown in Fig. 6 . The fundamental and the first-order TE modes are shown in Figs. 6(a) and 6(b), respectively. The fundamental TM mode is shown in Fig. 6(c) , where no higher-order TM mode is supported.
The length of the MMI section (L MMI ) is chosen such that a mirror image for the TE mode is formed at the opposite port. The final dimensions are t 1 120 nm, t 2 350 nm, W 1 400 nm, W 2 600 nm, W MMI 1 μm, L MMI 1 μm, and R 5 μm. Guided TM and TE powers through the device for the TM and TE modes are simulated using Lumerical FDTD, as shown in Figs. 7(a) and 7(b) , respectively. The TM mode is mainly guided by the silicon nitride layer to the straight output port, while the TE mode is transferred to the other output port due to the multimode interference.
Transmissions for the TM and TE modes at different output ports are calculated using Lumerical FDTD and are shown in Fig. 8(a) . The insertion loss of the TM mode is only 0.3 dB, and the insertion loss for the TE mode is less than 0.8 dB. The corresponding Extinction Ratios (ERs), defined as the ratio of power for one mode to the other mode in the corresponding output port, are shown in Fig. 8(b) . Over a bandwidth of 100 nm, the ER for the TE output port is 17.2-19 dB, and the ER for the TM output port is 11.5-12.6 dB.
The results in Fig. 8 show that the proposed PBS is compact and broadband, with low insertion loss and an ER that is comparable to a short MMI-PBS based on the hybrid plasmonic waveguide [15] . Since the proposed PBS is very compact, we can further increase its performance with a larger MMI section. A wider MMI section offers a better separation for the TE and TM modes while simultaneously increasing the ERs. A schematic of the modified MMI section is provided in Fig. 9 . We choose W MMI 1.6 μm, which supports more TE modes. Accordingly, the input waveguide can be wider and is modified to be W 1 450 nm. To better transition to the TE mode, a 2 μm long taper (L a 2 μm) is proposed to change the silicon width from 450 to 900 nm at the input side. This taper helps the distribution of the TE mode to be more symmetric and to form a clearer mirror image in the asymmetric MMI section. The mirror image for the TE input forms at L MMI 4.8 μm. At the output side, a 1 μm long taper (L b 1 μm), transitioning from 1 to 600 nm wide, is also used to collect more power for the TE mode which is then connected to a bend at the output side. The output taper is separated from the ALIG waveguide using a 100 nm gap. The final device dimensions are t 1 120 nm, t 2 350 nm, W 1 450 nm, W 2 600 nm, W MMI 1.6 μm, L MMI 4.8 μm, W a 900 nm, L a 2 μm, W b 1 μm, L b 1 μm, and R 5 μm.
For the modified structure with W MMI 1.6 μm, now four TE and two TM modes are supported in the MMI section. The calculated electric field profiles of the modified MMI section are shown in Fig. 10 . Although both TM 0 and TM 1 modes exist, due to the very small mode overlap, the mode to the higher-order TM mode (TM 1 ) is very low. Moreover, the TM 1 mode is very leaky and not well guided by the ALIG waveguide. These imply that the presence of the higher-order TM 1 mode has little impact on the operation of the PBS, which can also be attributed to the fact that the TM 0 mode is well confined and guided by the silicon nitride layer.
The transmissions for the TM and TE modes of the modified PBS are shown in Fig. 11(a) , and the corresponding ERs are shown in Fig. 11(b) . The ER for the PBS with the wider MMI section has been improved: for a bandwidth over 100 nm, the ER for the TE port is more than 24 dB, and the ER for the TM port is more than 16 dB. Moreover, the corresponding ERs for the TE and TM ports are more than 26 and 18 dB for the C-band (1.53-1.565 μm), respectively. The insertion losses for both modes are less than 0.4 dB over the 100 nm bandwidth.
We have also analyzed the PBS for fabrication tolerances. The most import parameters are the width and length of the MMI section. The ERs for slightly varied MMI section are calculated and shown in Fig. 12 . Figure 12 (a) depicts the ERs for L MMI 4.8 μm 50 nm, while Fig. 12(b) shows the ERs for W MMI 1.6 μm 25 nm. These tolerances are quite enough for fabrication purposes.
In summary, we have analyzed the properties of the ALIG waveguide, which is based on the silicon nitride enhanced silicon-on-insulator platform. The ALIG waveguide shows very different mode confinements for the two orthogonal polarizations. We have proposed a PBS by utilizing an asymmetric MMI coupler based on the ALIG structure. The PBS could be extremely compact with an MMI section of only 1 × 1 μm, and better performances can be achieved for the device with a 1.6 × 4.8 μm MMI section. Over a bandwidth of 100 nm, the PBS with the 1.6 × 4.8 μm MMI section has a low insertion loss of less than 0.4 dB for both TM and TE modes. The polarization ERs over the whole C-band are 26 18 dB for the TE and TM modes, respectively. The proposed PBS also shows good tolerance to fabrication uncertainties.
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